The prophage of coliphage N15 is not integrated into the chromosome but exists as a linear plasmid molecule with covalently closed hairpin ends (telomeres). Upon infection the injected phage DNA circularizes via its cohesive ends. Then, a phageencoded enzyme, protelomerase, cuts the circle and forms the hairpin telomeres. N15 protelomerase acts as a telomere-resolving enzyme during prophage DNA replication. We characterized the N15 replicon and found that replication of circular N15 miniplasmids requires only the repA gene, which encodes a multidomain protein homologous to replication proteins of bacterial plasmids replicated by a theta-mechanism. Replication of a linear N15 miniplasmid also requires the protelomerase gene and telomere regions. N15 prophage replication is initiated at an internal ori site located within repA and proceeds bidirectionally. Electron microscopy data suggest that after duplication of the left telomere, protelomerase cuts this site generating Y-shaped molecules. Full replication of the molecule and subsequent resolution of the right telomere then results in two linear plasmid molecules. N15 prophage replication thus appears to follow a mechanism that is distinct from that employed by eukaryotic replicons with this type of telomere and suggests the possibility of evolutionarily independent appearances of prokaryotic and eukaryotic replicons with covalently closed telomeres.
INTRODUCTION
All cells with linear chromosomes must utilize special mechanisms to replicate the extreme termini of their DNA molecules, since DNA polymerases alone are unable to perform this function (1) .
Most eukaryotes have open-ended DNAs and employ special`telomerase' enzymes for this purpose, but there are other solutions that ensure complete replication of linear DNA: protein priming, recombination and covalently closed terminal hairpins. Phage N15 belongs to the small group of systems known to replicate as linear DNA with hairpin ends. Such replicons are generally of eukaryotic origin, but a few from bacteria are known: for example the phage-plasmids fKO2 in Klebsiella oxytoca (2, S.R.Casjens and E.B.Gilcrease, unpublished observations) and PY54 in Yersinia enterocolytica (3), as well as the linear plasmids and chromosomes of Borrelia (4±6) and one of the two chromosomes of Agrobacterium tumefaciens (7, 8) .
The temperate coliphage N15 has a 46.4 kb double stranded DNA chromosome with 12 bp single stranded cohesive termini in its virion. N15 is similar to lambda in latent period, burst size, frequency of lysogenization, morphology of plaques and phage particles (9) . However, unlike lambda, the N15 prophage is a linear plasmid with covalently closed hairpin ends (10±12), which, being telomeres, have been designated telL and telR. The gene order in the prophage plasmid DNA is a circular permutation of that in the virion DNA, and the telomere-forming site telRL in phage DNA is a 56 bp inverted repeat. After infection of Escherichia coli, the phage molecule becomes circularized via its cohesive ends. Then the phage-encoded enzyme`protelomerase', the product of phage gene 29 (telN), cuts telRL sequence and joins the phosphodiester bonds making the covalently closed telR and telL ends. This cleavage-joining activity of puri®ed TelN protein has been demonstrated in vitro (13) .
Several models for the processing of replicative intermediates by this type of end-resolving enzyme have been proposed (14, 15) . In the ®rst model bidirectional replication initiated at an internal ori site results in the formation of a circular dimer that is then processed by a telomere resolvase into two linear molecules. In a second model the linear molecule is ®rst opened at the ends and converted into a monomeric circle, which then duplicates and is ®nally converted into linear molecules by protelomerase. In a third model replication starts at one of telomeres from nicking and end rearrangement. Subsequent strand-displacement replication results in the formation of head-to-head and tail-to-tail concatemers; the replicated telomeres in concatemers are subsequently resolved to generate monomeric molecules with covalently closed ends. These strategies are not the only possible ones and need not be mutually exclusive; for example, model 1 and 3 could combine to replicate the bulk and ends of the DNA, respectively [as is done for the protein-primed linear Streptomyces plasmid pSLA2 (16) ]. Strategy 3 could be modi®ed in such a way that end rearrangements initially occur at both telomeres. These models can be discriminated by several principal points: (i) location of the replication initiation site: internal or telomere-proximal; (ii) direction of *To whom correspondence should be addressed. Previously we demonstrated that N15 protelomerase, product of gene 29 (telN), is necessary for replication of the linear plasmid prophage through its action as a telomereresolvase; a de®ciency of protelomerase results in the accumulation of circular head-to-head dimer intermediates (18) . These results are consistent with N15 replication following the ®rst model mentioned above (for a review see 15) , which is based on the Bateman's model of replication of palindromic telomeres (19) . At the same time little is known about N15 DNA replication itself. Which genes are required? Where is the replication initiation site located? Does replication proceed uni-or bidirectionally? It is not known whether a circular dimer is really formed in the course of the prophage replication or whether resolution of one of the duplicated telomeres precedes full replication of the molecule thus leading to the generation of Y-shaped structures.
The existing information about the N15 replicon is mainly based on computer analysis of the complete sequence (20) , the properties of miniplasmids compared to full-length N15 DNA (21±23), and some data on the involvement of host genes in N15 replication (9 and references therein). Regions of the N15 genome important for plasmid maintenance were ®rst identi®ed by the construction of miniplasmids (21) . The shortest known autonomously replicating linear N15 miniplasmid, pG59, contains N15 genes from 29 (telN) to 38 (cB) (24) . The minimal plasmid replicon, contained within a 5.2 kb-long fragment (genes 33±37, plasmid map coordinates 4.1±9.3 kb), can drive the replication of circular N15 miniplasmids (21) . Genes 33±37 might be co-translated since stop codons of these genes overlap or are adjacent to the initiation codon of the downstream genes. Transcription of this operon is predicted to be initiated at the promoter(s) located between genes 37 and 38 and controlled by the CB repressor whose binding sites overlap these promoters (25). Sequence analysis of the predicted 1324 amino acid product of gene 37 reveals that the protein is a homolog of primases of conjugative plasmids and the primase of phage P4. The latter enzyme, a multifunctional replication protein with primase, helicase and origin recognition activities, is the only phage-encoded protein essential for replication during the lytic cycle and for plasmid maintenance (reviewed in 26). The importance of gene 37 (also called repA) for replication of N15 DNA is further supported by the data that all replication mutations isolated so far have been mapped within this gene (9) . Whether N15 genes 33±36 are necessary for replication was unknown. N15 replication was found to be independent of polA, recA, dnaJ, dnaK and grpE (27, 28) .
Rybchin and Svarchevsky (9) , on the basis of sequence analysis, suggested that the plasmid replication initiation site (ori) is located between 30.1 and 30.2 kb on the N15 genome within the repA coding sequence. Another possible candidate sequence was located between genes 37 and 38. However, until the work presented here there was no experimental data mapping the ori site to any of the regions mentioned above or to determine how many ori sites exists in the N15 genome and whether the same site(s) are used for plasmid and lytic replication. Nothing was known about directionality of plasmid replication.
In the present manuscript we determined the minimal set of N15 genes necessary for replication of circular and linear miniplasmids, identi®ed the ori site and investigated whether N15 replication proceeds uni-or bidirectionally. Finally, we employed electron microscopy to investigate the structure of replicative intermediates generated in the course of linear plasmid replication.
MATERIALS AND METHODS

Media, chemicals, enzymes and synthetic oligonucleotides
Cultures were grown with aeration at 37°C in LB broth supplemented as appropriate with chloramphenicol (20 mg/ml), kanamycin (50 mg/ml), ampicillin (100 mg/ml) or tetracycline (20 mg/ml) and with 1.5% agar (Difco) for solid medium. Pfu polymerase (Promega), T4 DNA ligase (NBI Fermentas), T4 polynucleotide kinase (Sibenzyme) and restriction enzymes (Promega, New England Biolabs, Sibenzyme) were used in accordance with the recommendations of the manufacturers. All PCR ampli®cations were carried out using Pfu DNA polymerase (Promega). The synthetic oligonucleotides used are shown in Table 1 .
Bacterial strains, bacteriophages and plasmids
Escherichia coli strain MC1061 (29) was used as a host for phage propagation, DH10B (30) for all cloning experiments. Strain C2107 (polA12) was kindly provided by Gianni Deho Á. Bacteriophage N15 was described by Ravin and Shulga (10) . The coordinates of the N15 genome are from the N15 complete sequence (GenBank accession number AF064539). Cloning vector pBAD24 (31) was used for controlled expression of cloned N15 genes; pUC19 (32) was used for routine subcloning operations. Plasmids pKRP10 and pKRP11 (33) were used as sources of tetracycline and kanamycin resistance gene fragments, respectively. Km R and repA are translated in the opposite directions. Plasmids pNC06ts52 and pNC11ts52 are equivalent to pNC06 and pNC11, respectively, except that they carry the temperature sensitive mutation ts52 in the plasmid repA gene; E.coli strains carrying these plasmids can grow at 30°C but not at 40°C under the selective conditions. We determined the nucleotide sequence of the mutant repA gene and found that the ts52 mutation is an A to G transition in position 33 019 that changes Phe 281 to Ser in the RepA protein. The N15 phage ts52 mutant which DNA was used as a template for relevant PCR ampli®cations was kindly provided by Valentin Rybchin.
Linear plasmids based on the N15 replicon
Plasmid pNL01 was constructed by cloning the N15 DNA fragment including the telRL site and telN gene (from base pair 24 493 to 26 930, see details in 18) into the SmaI site of pNC06. Restriction analysis showed that the resulting plasmid, pNL01, is linear in form, its structure is shown in Figure 1 . Plasmid pG591 was obtained from pG59 (24) by deleting the 0.5 kb BglII fragment of the sopA gene. This linear plasmid, 13 165 bp long, carries all the N15 genes essential for replication and copy number control of the N15 prophage (from telN to cB) along with a Km R gene.
Site-directed mutagenesis of the ori site
Site-directed mutagenesis of the ori site in the plasmid pNC04 (contains N15 genes 36 and repA) was performed using a PCR-based approach. pNC04 DNA was used as a template for PCR ampli®cation with a pair of primers (ORI-1 and ORI-2) designed to amplify the whole plasmid and carrying the desired mutations (see Fig. 1 ). In the control reactions we used a similar pair of primers, ORI-5 and ORI-6, without mutations (positive control) or primers ORI-3 and 36L (negative control, ori site is absent in the PCR product). The PCR fragment obtained was phosphorylated by T4 polynucleotide kinase and circularized by self-ligation. Products of the ligation reaction (0.1 mg per transformation in each case) were used to transform DH10B cells; transformants were plated on LB agar supplemented with antibiotic. Absence of the transformant colonies indicates the lethality of the designed mutation (see Table 2 ) for pNC04.
To test the effect of ori mutations on the viability of the linear plasmid, pG591, we ®rst cloned the N15 HindIII fragment (from base pair 29 326 to 31 329) carrying the predicted ori site, into the pUC19 vector (plasmid pUC 2kb). Then site-directed mutagenesis of the ori site was performed similar to that described above for pNC04, giving plasmid pUC 2kb1/2. The pG591 DNA was digested with ScaI whose two target sites¯ank the ori; left and right telomere-proximal fragments were isolated from an agarose gel, puri®ed and ligated to the ori-containing ScaI fragment excised from either pUC 2kb1/2 or pUC 2kb (positive control). In the negative control reaction no ori-containing ScaI fragment was included. All ligation reactions included equal amounts of telomere-proximal ScaI fragments and 3-fold molar excess of ori-containing fragment. Products of the ligation reaction (0.1 mg per transformation in each case) were used to transform DH10B cells, transformants were plated on LB agar supplemented with antibiotic. The absence of the transformant colonies indicated the lethality of the designed mutation (see Table 2 ) for pG591.
The effect of the ori mutations on the phage replication was tested as for pG591 with the following modi®cation. The N15 phage DNA was digested with ScaI (N15 genome contains only two ScaI sites that¯ank the ori site), the ori-containing fragment was removed using agarose gel electrophoresis. The resulting N15 DNA fragments were ligated to ori-containing ScaI fragments, as described for pG591. Products of the reaction (1 mg per transformation in each case) were used to transform DH10B cells; plaques produced by N15 phages were obtained by plating the transformed cells into the MC1061 lawn. The absence of the plaques indicates the lethality of the designed mutations (see Table 2 ) for lytic development of N15.
Southern blot analysis of directionality of N15 replication
Total bacterial DNA was isolated at different times post activation of an integrated N15 replicon, digested with XhoI, PstI and NcoI and used for Southern blot hybridization with three radiolabeled probes simultaneously: A, B and C. Probes were prepared using Prime-a-Gene labeling Kit (Promega) using equal amounts of template PCR fragment in each case; they could reveal the following fragments: 6283 bp (probe A), 3120 bp (probe B) and 2213 bp (probe C). The following oligonucleotide pairs were used to amplify template E.coli DNA fragments: A-L and A-R for probe A, B-L and B-R for probe B, C-L and C-R for probe C. For quantitative determination of signals each band was cut out from the membrane and radioactivity levels were determined using an X-ray counter.
Isolation of plasmid DNA for electron microscopy analysis
Replicating plasmid DNA was isolated and puri®ed using method described by Strutowska et al. (35) with some modi®cations. DH10B/pG591 cells from a fresh culture were grown in 200 ml LB medium at 37°C until the OD 590 reached 0.4±0.6, quickly chilled, centrifuged and the pellet was resuspended in 4.5 ml of 50 mM Tris±HCl pH 8.0, 10 mM EDTA, 100 mg/ml RNase and the suspension was maintained on ice for for 5 min. Afterwards, 0.5 ml of 0.25 M EDTA was added and incubation on ice was continued for another 10 min. Cell lysis was achieved by adding 0.5 ml of 20% SDS solution and incubating in 65°C water bath for 5 min. Then 0.6 ml of preheated 5 M KCl was added and the tubes were placed on ice for 20±30 min. Plasmid DNA was recovered from the supernatant after centrifugation at 26 000 g for 30 min at 4°C, and precipitated by adding an equal volume of absolute ethanol. The precipitated DNA was pelleted by centrifugation at 14 000 g for 10 min at 4°C and the pellet was washed by 70% ethanol and resuspended in 1 ml of TE buffer (0.01 M Tris±HCl, pH 7.4, 0.001 M EDTA) with 100 mg/ml of RNase. Tubes were incubated at 37°C for 15 min. Afterwards, proteinase K was added to a concentration of 100 mg/ml and incubation was continued at 65°C for 30 min. Proteins were extracted twice with phenol:chloroform (1:1) and once with chloroform. The DNA was precipitated overnight at ±20°C with 2.5 vol of absolute ethanol and resuspended in TE. Finally, plasmid DNA was puri®ed using Qiagen Plasmid Midi Kit following the instructions of the manufacturer. A typical yield was 2±5 mg of pG591 DNA per preparation.
Electron microscopy of DNA DNA samples were prepared for microscopy by the aqueous drop spreading method (without uranyl acetate staining) of Thresher and Grif®th (36) . Parlodion (Electron Microscope Sciences, Fort Washington, PA) ®lms were placed on 400 mesh copper grids and dried for 1 h under a heat lamp. A DNA solution (~0.5 mg/ml DNA, 0.25 M ammonium acetate, 7 mg/ml cytochrome C) was freshly mixed, and a 50 ml The positive control represents successful reconstruction of the plasmid or phage with DNA that contains no ori mutation; in the negative control no ori site was present in the PCR product. a Sequencing of ori regions of these clones showed that in three clones mutations were successfully introduced in one of GATCCA repeats (the right one shown in Fig. 1 ) while the other repeats contain the wild type sequence. One clone contains wild type sequence. b Sequencing of ori regions of these clones showed no mutations. c Colonies grow slowly in the presence of kanamycin, sequencing of ori regions of these clones showed that in all three clones mutations were successfully introduced in one of GATCCA repeats (the right one shown in Fig. 1 
RESULTS
Identi®cation of genes necessary for replication of the N15 prophage
In the order to identify the minimal set of genes necessary and suf®cient to drive replication of N15-based plasmid (minireplicon) we ®rst constructed a set of circular miniplasmids consisting of different fragments of N15 DNA obtained as PCR fragments and a tetracycline resistance gene (Fig. 1) . The shortest miniplasmid, pNC06, contained the N15 DNA fragment from base pair 29 881 to 34 118, which includes the repA gene, a region between repA and cB genes predicted to contain promoter(s) of repA and overlapping CB-repressor binding sites, and the last 10 bp of cB. The repA gene is thus necessary and suf®cient to drive replication of a circular N15 based plasmid. We then investigated whether other N15 genes might be required for replication of a linear miniplasmid. Maintenance of the linear plasmid requires the presence of the telomere resolution site and protelomerase (18) . We inserted the N15 fragment including telRL and the telN gene (24 493±26 930 on the phage map, 20) into the SmaI site of pNC06, and resulting plasmids were selected by transformation of DH10B. Restriction analysis showed that the plasmid, pNL01 (Fig. 1) , is linear in form. Thus, only repA and telN are required for replication of a linear N15 based miniplasmid. It should be mentioned that the pNL01 copy number is much higher than that of N15 prophage or pG591. This is likely due to the absence of the cB repressor gene that is believed to control N15 copy number through binding to the promoter of repA (23, 25, 37) .
The N15 repA gene encodes a 1324 amino acid protein. The deduced amino acid sequence of RepA contains motifs characteristics for bacterial primases and helicases (9) . In particular, RepA, shows some homology to the phage P4 a replication protein which has been shown to have primase, helicase and origin recognition activity. These observations suggest that RepA may also be a multi-domain protein similar to the replication proteins of bacterial plasmids that utilize a q-replication mechanism.
Identi®cation of the N15 prophage replication initiation site
Since the shortest circular miniplasmid based on the N15 replicon, pNC06, contains the repA gene and repA-cB intergenic region, we tested whether the replication initiation site, ori, is located within the coding sequence of repA or upstream of it. The N15 repA gene, with no adjacent N15 sequence, was cloned in the expression vector pBAD24 (31) under control of arabinose-inducible araP BAD promoter (plasmid pNC07). Then the vector origin of replication was deleted (digestion with NaeI and self-ligation), and resulting plasmids (pNC071, Fig. 1 ) were selected by transformation of DH10B. Transformation readily gave colonies when transformants were plated on ampicillin-selective agar supplemented with arabinose (for induction of the repA gene), while no colonies were obtained on selective agar with glucose (no induction of repA gene). The same result was obtained when the ligation products were used for transformation of E.coli strain C-2107 (polA12), which cannot maintain replication of pBAD24 since it is based on the pBR322 replicon. Both these results show that at least one N15 ori site, capable of initiating replication of this circular N15 based plasmid, is located within the repA gene.
Inspection of the nucleotide sequence of repA revealed a region (Fig. 1) that could represent the ori site. This region contains three GATCCA repeats arranged in an iteron-like manner, a sequence TTTTCCACC that is very similar to the E.coli DnaA-binding site
consensus [T(T/C)(A/T)T(A/ C)CA(C/A)A (38)] and a 22-bp A/T-rich region (18.2% G+C)
between two of the repeats. These are all characteristics of ori sites of q-replicating bacterial plasmids. It should be specially mentioned that N15 replication is strongly dam-dependent (9 and our unpublished observations) and GATCCA sequences contain the GATC Dam-methylase recognition site.
In order to test the role of the predicted ori site in replication of N15, we performed site-directed mutagenesis of this region. The reason for using such a complicated approach rather than direct tests, such as deletion analysis of plasmids replicating in a strain that expresses RepA in trans, is that N15 RepA protein acts only in cis (to be published elsewhere). We tested the effect of mutations (ori 1±2) that change the sequence of two GATCCA repeats to eliminate the Dam recognition sites (see Fig. 1 ) but do not change the amino acid sequence of the RepA protein (see Materials and Methods). In the ®rst experiment we attempted to introduce these mutations simultaneously into the circular plasmid pNC04 by PCR-based approach (see Materials and Methods); we found that we were unable to construct this mutant and conclude that it is lethal for this plasmid (Table 2) . Two control experiments were performed in a similar way: the ®rst one involved an equivalent pair of primers without mutations, where the wild type plasmid was successfully reconstituted. In the second control experiment we used a primer pair ORI-3 and 36L; in this case the ori site is totally absent in the PCR product and the corresponding mutant was not obtained (Table 2) . Similar experiments using this strategy to place other mutations (not relevant to this study) in the repA gene were routinely successful (our unpublished results). Moreover, in the experiment with ori 1±2 mutations, we obtained a few slowly growing colonies carrying pNC04 with the desired G to A and C to A mutations in only one of the GATCCA ori-repeats (the rightmost one shown in Fig. 1 ) while the second repeat contains the wild type sequence. These plasmids could result from partial reversion of mutations that we introduced to wild type in vivo. These data further support our conclusion that ori 1±2 mutations are lethal for pNC04, when present in multiple GATCCAs.
We then studied whether the same ori site is used for replication of the linear N15 based plasmids and the whole N15 prophage. The N15 DNA fragment (HindIII, from nucleotide 29 326 to 31 329) has been cloned in pUC19, mutations ori 1±2 were introduced by PCR-based site directed mutagenesis (veri®ed by sequencing), as for pNC04. In one experiment the mutated fragment (ScaI, from nucleotide 29 575 to 30 554) was used to substitute the corresponding wild type fragment in a linear N15 based plasmid, pG591. Again, we found that mutation of the GATCCA repeats (ori) is apparently lethal (Table 2 ). In the second experiment the same ScaI fragment was used to substitute for the corresponding unique fragment of N15. Products of ligation were used to transform DH10B cells; plaques produced by recombinant N15 phages were obtained by plating the transformed cells into the MC1061 lawn. Again, ori 1±2 mutations were found to be detrimental for phage development ( Table 2 ). It should be mentioned that absence of plaques does not necessary mean that ori 1±2 mutations are lethal for prophage replication in the lysogen, since lysogens could not be identi®ed in this experiment, but this seems likely taking into account the data for pG591.
Bidirectional replication of the N15 prophage
The next principle point for development of a model of N15 prophage replication is the directionality of replication±is it uni-or bidirectional? To determine the direction of plasmid replication we integrated the N15 replication region into the E.coli chromosome, activated N15 replication and measured the rates of ampli®cation of chromosomal markers¯anking the integration site.
Integration of N15 DNA fragments into the chromosome was carried out following the method and using vectors and strains described by Platt et al. (39) . Brie¯y, an N15 replicon that included only gene repAts52 (XbaI fragment from pNC06ts52) was cloned in the plasmid pCD11PSK and integrated into the host chromosome (strain DH10B) at the lambda attachment site giving strain VK-1. The second variant of the N15 replicon containing both genes repAts52 and cB (XbaI fragment from pNC11ts52) gave strain VK-2. Plasmid pCA12 (40) carrying the N15 antirepressor gene (antA) under control of the arabinose-inducible araP BAD promoter was then introduced into VK-2. N15 antirepressor is known to counteract CB repression (40) that in turn is believed to control the expression of repA and prophage copy number (25), thus leading to activation of N15 replication. In all cases the integrated N15 replicon is inactive at 40°C due to the presence of the ts52 mutation in the repA.
Cultures of VK-1 and VK-2/pCA12 were grown at 40°C to OD 600 = 0.5, at which time the integrated replicon was activated either by shifting the temperature from 40 to 30°C (for VK-1) or by simultaneous temperature shift and induction of antirepressor by adding arabinose to a ®nal concentration of 0.01% (for VK-2/pCA12). Total cellular DNA was isolated at different times after induction, digested with appropriate restriction enzymes and used for Southern blot analysis. Hybridization patterns of DNA samples with three probes are shown for VK1 and VK2/pCA12 (Fig. 2) . In a control experiments the same strains were tested at non-permissive temperature, 40°C (Fig. 2E and F) . The second control experiment involved a strain, VK-3, with integrated pCD11PSK vector plasmid that has no N15 origin of replication (Fig. 2G) . One probe, A, was used for hybridization to E.coli DNA between positions ±3888 and ±2697 relative to the center of the l integration site (gene ybhJ). The second probe, B, was used for hybridization to the bioB gene, located on the opposite side of the l att site (+2066 to +3270). We employed a third probe, C, for hybridization to a marker (uidA) that lies far from the integration site (~900 kb) and which served to normalize the amount of probe A-and B-speci®c DNA at different times after induction. Comparison of the band intensities of probe A-and probe B-speci®c DNA in induced cultures of both VK-1 and VK-2/pCA12 strains (Fig. 2) showed that DNA on both sides of the integration site are coordinately ampli®ed relative to DNA far from the integration site. The ampli®cation in both directions relative to the distant uidA location on the chromosome is~2-fold for VK-1 and up to 8-fold for VK-2. The reason for this difference could be that in the second strain temperature shift and inactivation of CB repressor should lead both to the activation of existing RepA and new RepA synthesis due to repA gene derepression, while only RepA activation occurs in VK-1 after the temperature shift. We conclude that replication initiated from the N15 origin proceeds bidirectionally. A less plausible interpretation of these results that cannot be ruled out is that replication is in fact unidirectional, initiating independently in either direction. 
Electron microscopy analysis of replicative intermediates
The most dif®cult step in any electron microscopy investigation of plasmid replication is isolation of partly replicated intermediates. Taking into account that the N15 DNA is approximately one-hundredth the size of the E.coli chromosome and the fact that both the prophage and the chromosome replicate once per cell division, one would expect (if elongation rates are equal) that not more than 1% of the N15 DNA in an asynchronously dividing culture will be present as partly replicated molecules at any given time. Since the N15 copy number is about 3±4 per chromosome, the N15 replicative intermediates will constitute~0.04% of total cellular DNA. Thus, speci®c isolation of intermediates is required. To facilitate such isolation we employed for this analysis the short N15-based linear plasmid pG591, which is 13.2-kb long. This plasmid contains all the phage genes that are essential for replication of the plasmid prophage (genes 29±38), and it is maintained at the same low copy number as N15 itself. Two enrichments were used for speci®c capture of intermediates. First, plasmid DNA was isolated by gentle cell lysis and DNA puri®cation on a Qiagen column as described in Materials and Methods. The resulting DNA sample contained~20±50% N15-speci®c DNA. In a second step, plasmid and chromosomal bands were separated by electrophoresis in low melting temperature agarose gel. DNA was isolated from the gel region between the full-length linear plasmid and high-molecular-weight chromosomal bands using b-agarase. This second enrichment step allowed us to ®nd about one intermediate per 500 molecules according to electron microscopy observations. Electron microscopic analysis allowed us to identify three types of replicating molecules (Fig. 3) . Type 1 molecules, which are linear and the length of pG591, contain an internal bubble' located near the position predicted for the ori site (de®ned by its distance from the ends of pG591). These molecules likely represent an early step of internally initiated bidirectional replication. We found only two molecules of this type, presumably because they are rare and migrate near the non-replicating plasmid monomer in agarose. Type 2 molecules (two examples) are circles located at the end of a linear DNA; these could result from replication to one end of the molecule without protelomerase resolution of the ends (most likely the left end, which is closer to the ori site than the right end). Type 3 molecules, the more abundant ones (10 examples), are Y-shaped molecules with two equal-length arms whose lengths are consistent with a single fork on a pG591 molecule; these could result from TelN cleavage of the circle in a type 2 molecule. No circular molecules, either dimers or monomers were found. These ®ndings, although not conclusive, are consistent with a model in which bidirectional replication initiates bidirectional fork movement out from the ori within the repA gene and TelN rapidly resolves the daughter telomeres so that dimer circles do not accumulate.
DISCUSSION
Location of the replication initiation site is one of the principle points in determining the mode of replication of linear DNA. For instance, poxvirus DNA replication is thought to start from nicking in the telomere-proximal region and hairpin rearrangement at the telomeres (41 and references therein). On the other hand, the Borrelia linear plasmids may replicate from an internally located ori site (42, 43) , and the proteinprimed linear plasmids of Streptomyces appear to have both terminal and internal`origins' in the same molecule (16) . Circular autonomously replicating plasmids containing nontelomere-proximal fragments of N15 DNA were described some time ago (see 9 and references therein) suggesting that at least one N15 ori site is internally located. However, it was not known whether this internal ori site is actually used in the replication of the N15 prophage or whether plasmid replication might be driven from another site. Coexistence of several origins is not unusual. For example, two origins are known in phage-plasmid P4 (44) , and in phage P1 one origin is used for its circular prophage plasmid replication, while the second is used for lytic replication (45) .
Here we identi®ed a region resembling bacterial replication initiation sites: it carries three GATCCA repeats, an A/T-rich region and a putative DnaA binding site. Since the N15 RepA protein acts only in cis (our unpublished observations), we were unable to test the functional role of this ori site in standard ways, such as deletion analysis of plasmids replicating from this site in a strain that exogenously expresses RepA. We note that phage P2 and fX-174 replication proteins have been studied in some detail and have been shown to be cis acting, so this is not a particularly unusual property for a phage replication protein (summarized in 46). Instead, keeping in mind that N15 replication is dam-dependent, we hypothesized that GATCCA repeats are particularly important for initiation and performed site-directed mutagenesis of this feature without changing the amino acid sequence of repA. In fact we found that mutations introduced in two of the repeats are almost certainly lethal for both circular and linear plasmid replication. Also, this mutation prevents productive lytic infection by phage N15. Precisely, our result means that this particular site is required for replication in cis, but not necessarily that this is the origin of replication. However, inspection of the remaining sequence of repA revealed no other candidate ori sites, and our electron microscopy data are consistent with replication initiation at the site we found (T0.5 kb). Thus, we believe that the site we identi®ed is in fact the origin of replication, and that this site is utilized in the RepA-driven replication of both circular and linear N15 replicon based plasmids.
Directionality of replication is an important point for development of any model of replication. For instance, unidirectional replication suggests circularization before replication. Here we show that replication of N15 proceeds bidirectionally. Internally initiated bidirectional replication of linear molecules would result in the formation of circular head-to-head dimers if telomeres were not resolved. In fact, Ravin et al. (18) showed that de®ciency of protelomerase results in accumulation of such intermediates. The electron microscopy analysis of intermediates generated in course of replication of an N15-based linear plasmid, pG591 did not reveal circular dimers, instead, we observed Y-shaped molecules. The asymmetric location of the ori site (5 kb from telL versus 8 kb from telR in pG591) and/or different times for fork escape from the origin in the two directions results in duplication and subsequent resolution of one telomere before the other is replicated.
Other prokaryotic linear replicons with covalently closed ends presumably follow a similar strategy of replication. Comparison of the TelN protein sequence with sequences deposited in GenBank revealed regions of homology shared by TelN and proteins of other prokaryotic`hairpin' replicons: BBB03 gene of Borrelia burgdorferi (20, 47) , gene AgrC4584 of A.tumefaciens (our unpublished analysis), protelomerase gene of the phage-plasmid PY54 (3). A gene highly similar to telN is also found in phage-related linear plasmid fKO2 (S.R.Casjens and R.W.Hendrix, unpublished observations).
Replication of linear plasmids and chromosomes of B.burgdorferi is probably initiated at an internal ori site and proceeds bidirectionally (42, 43) . Kobryn and Chaconas (48) demonstrated that BBB03 protein cleaves in vitro a synthetic unresolved telomere site, and that the same site functions as a substrate for telomere resolution in vivo (49) . The authors suppose that the ®nal step in the replication of linear Borrelia plasmids and chromosomes is a breakage and reunion of the duplicated telomere on the circular dimer (reviewed in 50). The cleavage-joining activity of PY54 and fKO2 protelomerases has also been demonstrated in vitro (3, W.M.Huang and S.R. Casjens, unpublished) .
Interestingly, the N15-Borrelia model of replication differs from that used by eukaryotic replicons with covalently closed telomeres (e.g. poxviruses, African Swine Fever Virus and Chlorella viruses). Particularly, poxvirus replication is thought to be initiated near the telomeres, resulting in the formation of head-to-head and tail-to-tail concatemers through strand-displacement replication (41 and references therein); the replicated telomeres in these concatemers are subsequently resolved by an as yet unknown enzyme to generate monomeric molecules with covalently closed ends. In addition, poxvirus genomes contain no recognizable homologs of protelomerase genes (our unpublished observation). These observations combine to suggest the possibility of evolutionarily independent appearances of prokaryotic and eukaryotic replicons with covalently closed telomeres rather than transfer of protelomerase genes from eukaryotes (poxviruses) to prokaryotes (Borrelia) or vice versa, as has been suggested previously (51, 52) .
